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P r e l i m i n i ~ r y  R e p o r t  
UMass Wind T u r b i n e  
O p e r a t  i o n  
December 1977 
Ref .  UM-WF-PR-77-3 
c .  f r t ~ l t m t n a r y  Performance Report WF-1 
The fol lowing c o n s t i t u t e s  a  pre l iminary  report: of t h e  UMass Wind Turbine, 
1.1 Review of t h e  Operat ing Begions f o r  t h e  Wind Furnace and t h e  Con- 
t r o l l e r s :  (Ref. F igure  1 . 1 ) .  
1. Region 1: Start-Up 
The b l ade  p i t c h  is  set a t  t h e  s t a r t -up  angle  u n t i l  t h e  
s h a f t  speed reaches  t h e  cu t - in  speed (A) f o r  t h e  p i t c h  con- 
t r o l l e r .  A t  t h i s  po in t  t h e  p i t c h  c o n t r o l l e r  p i t c h e s  t h e  
b l ades  t o  t h e  ope ra t ing  p i t c h  angle  f o r  reg ion  2 .  I f  t h e  Rprn 
drops below t h i s  cu t - in  RPM t h e  b l ades  w i l l  r e t u r n  t o  t h e  
s t a r t -up  p i t c h  angle.  
2. Region 2: Constant P i t c h  Angle 
The p i t c h  angle  remains cons t an t  between t h e  cut- in  s h a f t  
speed (A) and t h e  r a t ed  s h a f t  speed (B) .  When t h e  s h a f t  speed 
reaches 37 Rprn t h e  f i e l d  c o n t r o l l e r  e x c i t e s  t h e  genera tor  f i e l d .  
This  e x c i t a t i o n  l e v e l ,  denoted by t h e  f i e l d  c u r r e n t ,  v a r i e s  with 
Rpm. A t  r a t e d  Rprn and above, t h e  f i e l d  e x c i t a t i o n  w i l l  remain 
a t  a  cons tan t  va lue .  The purpose of varying t h e  e x c i t a t i o n  is  
t o  maximize t h e  power output  without  s t a l l i n g  t h e  b l ades .  
3. Region 3: Constant Shaf t  Speed 
Once t h e  s h a f t  speed reaches t h e  r a t e d  va lue  and begins t o  
i nc rease  f u r t h e r ,  t h e  p i t c h  c o n t r o l l e r  w i l l  i nc rease  t h e  b l ade  
p i t c h  angle  t o  t r y  t o  maintain t h e  r a t e d  Rpm. I f  r a t e  Rprn is  
maintained t h e  power l e v e l  can be he ld  t o  25  kw r e g a r d l e s s  of 
t h e  wind speed. 
4.  Region 4:  Shut Down Due t o  High Winds 
If the  wind speed exceeds a  maximum value t h e  p i t c h  con- 
t r o l l e r  w i l l  f e a t h e r  t h e  blades.  
5. Operation of the  P i t ch  and Fie ld  Con t ro l l e r s :  
An o b j e c t i v e  of the  design f o r  t h i s  WTG was t o  al low f o r  
complete automatic opera t ion  of t h e  WTG v i a  two c o n t r o l l e r s :  
t h e  blade p i t c h  c o n t r o l l e r  and the  f i e l d  e x c i t a t i o n  c o n t r o l l e r .  
The b lade  p i t c h  c o n t r o l l e r  has been designed t o  f u l f i l l  
c e r t a i n  c r i t e r i a  and y e t  be f l e x i b l e  enough so  t h a t  changes can 
be made without extens ive  re-working of t h e  c o n t r o l l e r .  The 
c r i t e r i a  cons is ted  of four  d i f f e r e n t  types of p i t c h  c o n t r o l ,  
a s  exemplified by t h e  four  opera t ing  regions.  The f l e x i b i l i t y  
was derived by al lowing wide adjustments i n  p i t c h  angle  and 
i n  t r a n s i t i o n  Rpm (A,B) f o r  t h e s e  regions  t o  b e  made simply and 
quickly. 
The primary s i g n a l  f o r  t h e  p i t c h  c o n t r o l l e r  i s  s h a f t  speed. 
A l l  dec i s ions  a s  t o  p i t c h  angle a r e  made according t o  t h e  in- 
s tantaneous s h a f t  Rpm. Adjustments i n  p i t c h  angle  and t r a n s i t i o n  
Rpm a r e  made by varying t h e  reference  vo l t age  input  t o  vol tage  
comparators i n  t h a t  p a r t  of the  c i r c u i t r y  which c o n t r o l s  t h e  
region  of i n t e r e s t .  
The f i e l d  c o n t r o l l e r  was a l s o  designed a s  a  s tandard  c i r -  
c u i t  u n i t  wi th  b u i l t - i n  f l e x i b i l i t y .  This c o n t r o l l e r  uses a  
programmed memory t o  lock t h e  des i r ed  f i e l d  cu r ren t  f o r  a par- 
t i c u l a r  Rpm range (Fig. 1.2) .  By varying the  supply vol tage ,  
l imi t ed  adjustments i n  f i e l d  cu r ren t  can be  made. For more 
extens ive  changes complete reprogramming is  required.  
F i g u r e  1.1 
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1.2  Actual Operation of t h e  Wind Furnace 
1. For t h e  months of September, i k t o b e r  and most of November the  
winds have been l e s s  than expected. The a c t u a l  d a t a  t o  v e r i f y  
t h i s  remark i s  s t i l l  be ing  processed. Because of t h i s ,  a  
minimum number of t e s t s  have been c a r r i e d  ou t  and t h e s e  have 
been run i n  the  month of November. 
Another cons ide ra t ion  i n  scheduling t e s t s  has  been t h e  l ack  
of  t h e  prime component of our  d a t a  a c q u i s i t i o n  system, t h e  Fluke 
2290A Data logger .  A s  s t a t e d  i n  previous progress  r e p o r t s ,  t h e  
instrument  wasundergoingrepai rs  s u f f e r e d  as a r e s u l t  of a  
l i g h t n i n g  induced v o l t a g e  surge on t h e  power l i n e s .  The d a t a  
logger  was re turned  on November 1 and immediately put i n t o  se r -  
v i c e  c o l l e c t i n g  temperature information.  P resen t ly  t h i s  device 
is undergoing conversion (on s i t e )  t o  a  h igher  band r a t e  f o r  f a s t e r  
da t a  sampling. This should al low us t o  sample and s t o r e  d a t a  
a t  a  r a t e  of f i f t e e n  channels per  second. Previously we were 
l imi t ed  t o  t h r e e  channels  per  second. This  and o t h e r  reasons  re -  
s t r i c t e d  us t o  sampling i n t e r v a l s  of four  seconds when sampling 
f i v e  channels.  
The r e s u l t s  presented i n  t h i s  s e c t i o n  a r e  from continuous 
recordings on a  six-channel Sanborn s t r i p - c h a r t  recorder .  These 
recordings a r e  used more f o r  q u a l i t a t i v e  a n a l y s i s  than  q u a n t i t a t i v e  
It is  e a s i e r  t o  g e t  a  f e e l  f o r  t h e  machine while  observing t h e  
parameters being t r aced .  
Sec t ions  of runs a r e  shown with accompanying explanat ions ;  
comments have been made concerning s p e c i f i c  observa t ions .  
Dt~i . iniLions of Symbols Used: 
--- -- 
WV = wind v e l o c i t y  observed a t  t h e  a x i s  h e i g h t  from t h e  house aneomo- 
meter ,  approximately 30 f e e t  ENE of t h e  wind t u r b i n e .  Uni t s :  
m i l e s  pe r  hour .  
Rpm = s h a f t  r o t a t i o n a l  speed.  Th i s  i s  a c t u a l l y  t h e  ou tpu t  v o l t a g e  of a 
d c  tachometer geared t o  t h e  p in ion  s h a f t .  It is  geared t o  produce 
23 v o l t s  a t  167 Rpm. (See t a b l e  below.) 
B = b l a d e  p i t c h  ang l e  measured a t  t h e  t i p .  Th i s  is a c t u a l l y  t h e  
v o l t a g e  of t h e  feedback pot  connected t o  t h e  b a l l  screw. Refer  
t o  t h e  accompanying t a b l e  f o r  convers ion  between v o l t a g e  and de- 
g r e e s .  
FC = f i e l d  c u r r e n t  a p p l i e d  t o  t h e  f i e l d  winding. Uni t s :  d c  amperes. 
LV = l oad  v o l t a g e  measured a t  t h e  t e rmina l s  of t h e  l oad .  Th i s  is  t h e  
l i ne - to -neu t r a l  a c  v o l t a g e .  The load  r e s i s t a n c e  pe r  phase (wye- 
connected)  is t e n  ohms. 
Conversion Tables  : 
RPM VOLTS B (degrees )  VOLTS 
1 1. 3 / /  Atrtom,it i c  Start-Up: 
T h i s  s t r i p  c h a r t  s e c t i n n  shows t h e  au toma t i c  s t a r t - u p  of t h e  WTG a f t e r  
i t  has  been d r i v e n  t o  f a c e  t h e  wind. The wind speed w a s  ave r ag ing  f i v e  mph. 
I t  ha s  been o b s e r v e d t h a t  i n  l i g h t  winds ( l e s s  t han  approx imate ly  7 mph) t h e  
machine w i l l  n o t  yaw about .  Th i s  is p r i m a r i l y  due t o  t h e  f r i c t i o n  of t h e  yaw 
damper cha in s .  Observa t ions  w i th  t h e  c h a i n s  d i sconnec ted  conf i rm t h i s .  Damping 
i s  r e q u i r e d  i n  h i g h e r  winds ,  though, as wi thout  i t  t h e  machine w i l l  yaw 360' 
i f  t h e r e  is  a sudden s toppage  of t h e  wind. Th i s  ha s  been observed  t o  happen 
w i t h  t h e  yaw cha in  d i sconnec ted .  
Blade p i t c h i n g  from 35 deg ree s  t o  4 deg ree s  occu r r ed  when t h e  s h a f t  speed 
reached 20 Rpm. 
F i e l d  c u r r e n t  was a u t o m a t i c a l l y  a p p l i e d  a t  a s h a f t  speed of 37 Rpm. Due 
t o  t h e  low winds t h e  Rprn v a r i e d  around t h e  on-off speed of  t h e  f i e l d  c o n t r o l l e r .  
Th i s  is  why t h e  f i e l d  c u r r e n t  cyc l ed  back and f o r t h  from z e r o  t o  0.42 amps. 
Very l i t t l e  power w a s  genera ted  under  t h e s e  wind c o n d i t i o n s  as shown by t h e  
low load  v o l t a g e ,  approx imate ly  30 v o l t s  be ing  t h e  maximum a t t a i n e d .  
F igure  1 .4  Automatic Return t o  Start-Up Angle 
I n  t h i s  c a s e  t h e  wind decreased  from an  average  a t  1 0  mph t o  an  ave rage  
of 2 .5  mph. The Rpm t r a c e  shows t h e  same g e n e r a l  d e c r e a s e  w i th  a waveform 
shape s i m i l a r  t o  t h e  wind waveform. This  i s  t o  be  expected w i th  c o n s t a n t  p i t c h  
a n g l e  o p e r a t i o n .  
The p i t c h  a n g l e  was ho ld ing  c o n s t a n t  a t  z e r o  deg ree s  u n t i l  t h e  Rprn 
dropped below twenty. At t h i s  p o i n t  t h e  p i t c h  c o n t r o l l e r  i n c r e a s e d  t h e  p i t c h  
a n g l e  t o  t h e  s t a r t - u p  a n g l e s  which had been set t o  t h i r t y  degrees .  
The f i e l d  c u r r e n t  t r a c e  shows a t r a n s i t i o n  of i nc r emen ta l  changes  i n  
c u r r e n t  l e v e l  u n t i l  t h e  Rprn drops  n e a r  t h e  t h r e s h o l d  Rprn f o r  t h e  f i e l d  c o n t r o l l e r ,  
37 Rpin. C ~ l r r e n t  cyc l ing  (on and oEf) begins u n t i l  t h e  Rpm drops below 
th i r ty - seven ,  a t  t h i s  p o i n t  the  f i e l d  c u r r e n t  is s h u t  o f f .  
The load vo l t age  waveform i s  a l s o  similar i n  shape t o  t h e  wind waveform. 
This  is a l s o  t o  be expected as t h e  v o l t a g e  is a power func t ion  of t h e  Rpm. 
The maximum vo l t age  generated i n  t h i s  i n t e r v a l  was 100 v o l t s .  Once t h e  f i e l d  
c u r r e n t  i s  zero ,  t h e  v o l t a g e  decays t o  a  low va lue  determined by t h e  r e s i d u a l  
magnetism i n  t h e  f i e l d  i r o n  and t h e  r o t o r  rpm. 
Figure 1.5 11/2/77 Region 2 Operation: Light  Breezy Winds 
The average wind speed i s  s t i l l  f i v e  mph. Due t o  t h i s  low wind speed and 
t h e  cyc l ing  of t h e  f i e l d  c u r r e n t  t h e  s h a f t  speed remained nea r  37 Rpm. 
The p i t c h  ang le  remained cons t an t  a t  fou r  degrees  as r equ i r ed  f o r  Region 
2 opera t ion .  
The load vo l t ageave raged25  v o l t s ,  f o r  an average power output  of 190 wa t t s .  
Figure 1 . 6  11/12/77 Region 2 Operation: Gentle  Breeze Winds 
I n  t h i s  ca se  t h e  wind was between 2.5 and 12 mph, averaging 7.5 mph. 
The s i m i l a r i t y  i n  waveforms between t h e  wind speed,  Rpm and load  vo l t age  is  more 
r e a d i l y  seen. The Rpm and load vo l t age  t r a c e s  have t h e i r  peaks and v a l l e y s  
more rounded than t h e  wind speed t r a c e .  This  is due t o  t h e  i n e r t i a  of t h e  
wind machine and t h e  r e s u l t i n g  l a g  i n  responding t o  t h e  wind. 
The p i t c h  angle  he ld  cons tan t  a t  four  degrees  as t h e  s h a f t  speed remained 
between 20 Rpm and 167 Rpm. 
The f i e l d  cu r r en t  s tayed  mostly on and v a r i e d  incrementa l ly  w i th  t h e  s h a f t  
speed. 
The load  v o l t a g e  averaged 50 v o l t s ,  t he  power output  750 wa t t s .  
A s  a  r e s u l t  of t h e  h igher  s h a f t  speeds t h e  load  vo l t age  s tayed  mainly 
between 100 and 300 v o l t s .  A maximum v o l t a g e  of 330 v o l t s  w a s  reached a t  a  
s h a f t  speed of 173 Rpm. This maximum output  of 32670 w a t t s  was t h e  r e s u l t  
of a  wind gus t  t o  approximately t h i r t y  mph. Four o t h e r  t i m e s  t h e  output  
reached o r  exceeded 300 v o l t s ,  o r  27000 w a t t s .  
Figure 1.10 
These t r a c e s  show t h e  e f f e c t  t h a t  an o s c i l l a t i n g  f i e l d  c u r r e n t  has  on 
s h a f t  Rprn and load vo l t age  when t h e  machine is ope ra t ing  i n  t h e  h igher  Rprn 
range. This  o s c i l l a t i o n  was not  c r ea t ed  i n t e n t i o n a l l y .  It  appears  t o  be 
t h e  r e s u l t  of resonance i n  t h e  f i e l d  cu r r en t  feedback c i r c u i t .  The frequency 
of o s c i l l a t i o n  i s  approximately four  c y c l e s  per  second. Comparing t h i s  w i th  
the  ca l cu la t ed  n a t u r a l  frequency of  t h e  mechanical systems (7.5 cps)  i t  i s  
c l e a r  t h a t  the machine cannot be allowed t o  ope ra t e  i n  t h i s  manner. Cor rec t ive  
a c t i o n s  arc b e i n g  planned t o  a l t e r  the  f i e l d  c o n t r o l l e r .  
'r11~ maximum output  s t i l l  reached a  va lue  of 275 v o l t s ,  22690 w a t t s ,  i n  
s p i t e  of t h i s  i n s t a b i l i t y .  Looking a t  t h e  load  vo l t age  waveform, t h e  ampli- 
tude of o s c i l l a t i o n  was very s m a l l  i n d i c a t i n g  t h a t  t h e  induced torque  o s c i l a -  
t i o n s  were a l s o  smal l .  The maximum ampli tude of t h e  Rpm o s c i l l a t i o n  was + - 5 
Rprn centered  a t  140 Rpm. 
Figures  1.11 and 1.12 
Figures  1.11 and 1.12 show c e r t a i n  d a t a  p o i n t s  p l o t t e d  a long  wi th  t h e  
p red ic t ed  curves of pa re r  ou tput .  These graphs show: 
1 )  Even though t h e  d a t a  p o i n t s  seem t o  c l u s t e r  around t h e  p red ic t ed  
curves ,  t h e r e  are some l a r g e  v a r i a t i o n s .  Some of t h e  v a r i a t i o n s  
are a s  much as 50% over  o r  under t h e  p red ic t ed  va lue .  These were 
most l i k e l y  caused by t h e  n a t u r e  of t h e  wind and t h e  s e t t i n g s  of 
tile p i t c h  angle  alld c x c i t a l i o n .  
2) Rated power was exceeded many t imes.  The maximum power 32690 w a t t s ,  
(30.72 o v e r r a t e d ) ,  occurred a t  a  va lue  of 173 Rpm, 3 .6% overra ted  
s h a f t  speed. The machine had en te red  Region 3 ope ra t ion  s t a r t i n g  a t  
a p i t c h  ang le  of f o u r  degrees and inc reas ing  t o  e igh teen  be fo re  re- 
t u r n i n g  t o  four .  (These t r a c e s  can be  seen i n  F igure  1.9 occurr ing  
on November 2 7 ,  1977 a t  approximately 0810 hours . )  
For an overspeed of  t h i s  magnitude t h e  p red ic t ed  power l e v e l  
would be 27000 wat t s .  The va lue  has been recorded under t h e  same con- 
d i t i o n s  of  p i t c h  ang le  e x c i t a t i o n  and s h a f t  speed. The except ions  
were t h e  maximum p i t c h  ang le  obta ined  of 16", and t h e  wind speed of 
t h e  gus t .  The d i f f e r e n c e s  between these  two cases  accounted f o r  t h e  
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iJata p o i n t 5  P l o t t e d :  




E l e c t r i c a l  
Power 
Output  
(kW) - -- 
Tip-Speed 
R a t i o  
P i t c h  
Angle 
+ 2" 
d e g r e e s  
F i e l d  
C u r r e n t  
Amps 
0 .49  on-off  
0.37 
0 .36  
0.37 
0 .36  
0.37 
0.37 
0 . 3 8  
0.37 
0 .37  
0 .38  
0 . 3 i  
0.37 
0 . 3 7  
0.37 
0 .46  
0 . 4 1  
0 .46  
0 . 4 1  
O S C .  
0 .55  
o s c .  
O S C .  
0 . 5 5  o f f  
0 . 5 5  o f f  
+ 0 . 5  pmh for 30 s e c  
- 
+ 0 . 5  rnph f o r  8 s e c  
- 
c o n s t a n t  f o r  8 s e c  
+ 1 . 5  mph f o r  24 s e c  
- 
+ 2  rnph f o r  30 s e c  
- 




+ 2  rnph f o r  30 s e c  
- 
peak 
+ 2  mph fur 1 8  s e c  
- 
peak 
+ 1 . 5  rnph f o r  30 s e c  
- 
t 4  mph f o r  30 s e c  
- 











Da ta  t a k e n  f rom t h e  s t r i p  c h a r t  t r a c e s .  Runs conducted  from 1 1 t h  t o  2 7 t h  of November, 1977 
These  p a r t i c u l a r  p o i n t s  were  s e l e c t e d  t o  g i v e  a w i d e r a n g e  o f  Rpm and of  wind s p e e d .  
The wind s p e e d  deno ted  by 25+ i n d i c a t e s  t h a t  t h e  wind exceeded  25 mph b u t  due  t o  t h e  r e c o r d e r  s e t t i n g  c o u l d  '< 
n o t  b e  measured .  These  p o i n t s  were  r e c o r d e d  when t h e  machine was o p e r a t i n g  u n a t t e n d e d .  
